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Abstract
The linear ends of chromosome are protected by specialized ribonucleoprotein (RNP)
termed as telomere. These specialized terminal elements with tandem repeated sequence
are the protective cap that alleviate end replication problem and cell senescence. The
telomere length maintenance is essential to avoid cell death and apoptosis. Telomere
shortening has been related to chronic stress due to several factors, which include not only
psychological  stress  but  also  diseases  such  as  cardiovascular  diseases  and cancer.
Telomerase enzyme which maintains telomere length is the major factor responsible for
evading cell death. Telomere length maintenance and telomerase expression put together
are the prerequisite for immortality, an essential character for cancer cells. Understanding
the mechanism of telomere and telomerase functions paves way for eradicating the
diseases such as cancer.
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1. Introduction
Telomeres are specialized DNA structures consisting of tandem arrays of hexa-nucleotide
(TTAGGG) DNA sequences that cap the end of chromosomes. These structures residing near
the ends of chromosomes play a very vital role in maintaining the integrity of the whole genome
and prevent the loss of genetic material. As a consequence of cell division, short stretches of
DNA will be lost from telomeric region and eventually lead to cellular senescence and death.
There are a lot of evidences to suggest that telomere length is a better biomarker for overall
health status, compared to the currently used biomarkers for the same. Few of the phenomena
regarding the telomere length are unanswered till now. Till date it is unclear about the mechanistic
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regarding the telomere length are unanswered till now. Till date it is unclear about the mechanistic
correlation between telomere size and life span of various species. To prevent senescence of cell,
the preservation of telomere length is essential, which is maintained by telomerase enzyme.
Telomerase is a reverse transcriptase enzyme which has recently emerged as an attractive target
for cancer as it is a crucial factor required for the tumor immortalization of a subset of cells,
including cancer stem cells.  Studies have proved that 80–85% of the tumor cells express
telomerase whereas somatic cells lack the expression of telomerase [1]. The important paradox
is that telomerase-negative normal cells have lengthier telomeres than telomerase-positive
cancer cells [2]. Thus difference in telomere length and cell kinetics between normal and cancerous
cells shows that targeting telomerase is a more effective way to target cancer cells. Owing to the
significant role of telomere and telomerase in tumor immortalization understanding their
amassed influence on cancer is crucial for cancer therapy. In this context, this book chapter is
focused on disseminating the integrated impact of telomere and telomerase on cancer progres-
sion.
2. Telomere construction
The basic structure of telomere is conserved among eukaryotes and consists of short tandem
DNA repeats, with G-rich sequence at the three-end referred to as the G-strand and the
complementary strand is called the C-strand at the five-end (Figure 1) [3]. The length of
telomeric DNA varies from 2 to 20 kilobase pairs, depending on factors such as tissue type and
human age [4]. The telomere is conspicuous owing to the presence of G-overhang which
extends beyond its complementary C-rich strand to form a single-stranded overhang, termed
the G-tail. It has been proposed that the 3′ G-overhang can be sequestered into a lasso-like
structure known as the T-loop (Figure 2) [5, 6]. The single-stranded G-overhang invades the
double-stranded telomeric DNA, which displaces the bound G-strand base-pairing with the
C-strand. As this displaced binding takes place at a distance from the physical end of the
telomere, it generates a large duplex structure called the T-loop (Figure 2) [3, 5].
Figure 1. Telomeric DNA.
Telomeres can also fold into G-quadruplex DNA, an unusual DNA conformation that is based
on a guanine quartet [7]. The repetitive and GC-rich nature of telomeric DNA endows it with
the capability to form the higher-order DNA conformation, G-quadruplexes [8, 9]. To maintain
such unusual structure of telomeres, a set of telomeric protein complex has evolved, termed
shelterin. The shelterin complex consists of six individual proteins, telomeric repeat binding
factor 1 (TRF1), TRF2, repressor/activator protein 1 (RAP1), TIN2 (TRF1 interacting protein 2),
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TPP1 (TINT1/PIP1/PTOP 1), and protection of telomeres 1 (POT1) [6, 10]. The proteins TRF1
and TRF2 attach to double-stranded telomeric repeats facilitating the anchoring of the complex
along the length of telomeres [11–14], whereas POT1 binds to the single-stranded overhang.
TPP1 and TIN2 act as bridging proteins between the above DNA-binding modules and are
crucial for chromosome end protection and telomere length regulation. TRF1 and TRF2 with
the help of TIN2 [15] bind with POT1 via TPP1 [16–19]. TIN2 also connects TRF1 to TRF2, and
this interaction contributes to the stabilization of TRF2 on telomeres [17–19]. Besides this
shelterin complex, other proteins like TEN1 and Pinx1, which are not telomere specific, are
also present at telomeres and carry out important functions in recruitment of telomerase [20].
Figure 2. T-loop formation.
Figure 3. Telomere-telomerase assembly.
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3. Telomere: a knight cap
During the evolvement of linear genome, the natural ends of linear chromosomes resemble
DNA breaks and tend to induce DNA damage response (DDR). These natural linear ends are
protected by the sequestration of the ribonucleoprotein (RNP) sequence, telomeres which
mask the ends from continuous exposure to the DNA damage response (DDR). Telomeres
serve as protective caps, preventing the chromosomal ends from being recognized as double-
strand breaks by the DNA damage repair system and the activation of the p53 or p16INK4a
pathway and the start of senescence or apoptosis. If the telomere cap is removed, genome
instability is induced. Telomeres with its tightly regulated complexes consisting of repetitive
G-rich DNA and specialized proteins accomplish the task of not only concealing the linear
chromosome ends from detection and undesired repair, but also protect from checkpoints,
homologous recombination, end-to-end fusions, or other events that normally promote repair
of intra-chromosomal DNA breaks acts [21]. Telomeric proteins and their interacting factors
create an environment at chromosome ends that inhibits DNA repair at that point; however,
the repair machinery is also essential for proper telomere function.
The closed configuration of the T-loop of telomeric region provides a protective cap that defines
the natural end of the chromosome and masks the telomere from the DDR machinery (Figure
2) [6]. In particular, T-loops could provide an architectural solution to the repression of the
ataxia telangiectasia mutated (ATM) kinase pathway, which relies on a sensor (the MRN
(Mre11/Rad50/Nbs1) complex) with DNA end-binding activity. In addition, T-loops could
prevent the Ku70/80 heterodimer, a DNA repair factor that binds to DNA ends, from loading
onto the telomere terminus, thereby blocking the initiation of the non-homologous end-joining
(NHEJ) pathway (Figure 4).
Figure 4. DNA damage response pathway.
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Among the DNA-binding proteins, TRF1 has DNA remodeling activity [5, 22] and also shown
to promote efficient replication of telomeres [23, 24]. On the contrary, TRF2 engages in
chromosome end protection by inducing topological changes in telomeric DNA [25], T-loop
assembly [26, 27] and by suppression of ATM dependent DDR and NHEJ (Figure 4) [28, 29].
Besides that, TRF2 plays a critical role in chromatin assembly, which was demonstrated by the
observation that overexpression of TRF2 resulted in aberrant nucleosome spacing and
decreased abundance of the core histones H3 and H4 at chromosome ends [30]. TRF2 lacking
cells are reported to be growth arrested because of up-regulation of p53 and also show other
hallmarks of ATM signaling, including the phosphorylation of ATM and Chk2 [31, 32]. Among
the two DDR, the ATM kinase pathway at telomeres is repressed by TRF2 subunit, whereas
POT1 is responsible for protection of telomere by suppression of ATR (ATM Rad3-related
protein)-dependant DDR pathways [28, 33].
The high affinity of POT1 for single-stranded telomeric DNA makes it a G-strand binding
component displaced from the T-loop and forms a closed configuration locking in the struc-
ture (Figure 2). Earlier report models suggest that POT1 and TPP1 compete with telomerase
for access to the overhang [33]. Contrarily, direct interaction between TPP1 and telomerase
bolsters telomerase processivity [34, 35] whereas increased loading of POT1 along the over-
hang block telomerase accessibility to the 3′-OH substrate. The role of RAP1 is obscure and its
function has recently been elucidated. The presence of RAP1 at telomeres appears as a backup
mechanism to prevent NHEJ when topology-mediated telomere protection is impaired [36].
In case of mutation in TRF2 which wraps the DNA, RAP1 has been implicated in the inhibition
of NHEJ [37, 38].
Thus physically taken together, the shelterin complex and G-overhang of telomere are the
protective cap that have an immensely complex role in convergence of end protection and
telomere length maintenance mechanisms.
4. Telomerase activity
With each cell division, telomere length is reduced by ~50 to 200 bp [39] primarily because the
lagging strand of DNA synthesis is unable to replicate the extreme 3′ end of the chromosome
which is denoted as end replication problem [40, 41]. When telomeres become sufficiently
short, cells enter an irreversible growth arrest called cellular senescence. In most eukaryotes,
telomeres are stabilized, and the shortening telomeric DNA is replenished, by the action of the
RNP reverse transcriptase telomerase. Progressive telomere loss has been experimentally
demonstrated using non-immortalized cells in culture that lack detectable telomerase [42, 43].
In cells with active telomerase, such as cancer cells, the telomere length is continually being
built up and shortened in a regulated way that maintains telomere length homeostasis and
retains telomere functionality. Shortening of telomeres occur due to nucleolytic degradation
and incomplete DNA replication. On the contrary, lengthening is primarily accomplished by
the action of a specialized reverse transcriptase called telomerase [44] and occasionally by
homologous recombination (HR) [45]. Telomerase uses the 3′ G-rich strand of a chromosome
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as primer to elongate chromosome end by reverse-transcribing the template region of its tightly
associated RNA moiety and coordinative action with the DNA replication machinery [44, 46].
For lengthening activity, telomerase requires not only hTERT catalytic subunit and RNA
template (hTR) but also other factors [47, 48].
The 3′ half of the hTR resembling the box H/ACA family of small nucleolar RNAs (snoRNAs)
[49, 50] is essential for proper 3′-end processing, stability and nucleolar targeting in vivo [44].
The 5′ end of hTR not only acts as template for the telomere extension at chromosome ends [5,
51] but also serves as a pseudoknot that is likely to be important for telomerase function (5,
49). A 6 bp U-rich sequence at the 5′ end of hTR also interacts directly with hnRNPs C1 and
C2 (Figure 3) [52]. Even though hTR is highly expressed in all tissues regardless of telomerase
activity [53], in cancer cells hTR is generally expressed fivefold higher than normal cells [54].
However, the expression (mRNA) of the telomeric catalytic component hTERT which is closely
associated with telomerase activity is estimated to be less than one to five copies per cell [54].
hTERT is generally repressed in normal cells and up-regulated in immortal cells, suggesting
that hTERT is the primary determinant for the enzyme activity.
Figure 5. Telomerase complex.
It has been suggested that in addition to telomere elongation another aspect of telomerase RNP
function is to allow even short telomeres to remain functional, which in the absence of
telomerase would have caused cells to stop dividing or led to telomere–telomere fusions [55].
Telomere - A Complex End of a Chromosome22
In other words, telomerase permits cell proliferation by stabilizing short telomeres that would
be unstable in the absence of functional telomerase. In recent years, evidence has accumulated
that telomerase, and in particular its catalytic subunit TERT, is involved in various non-
telomere-related functions such as regulation of gene expression, growth factors and cell
proliferation [56–61]. It has been reported that the telomerase has a role in modulation of Wnt/
β-catenin pathway [60]. TERT has been demonstrated to bind to TBE-containing promoter
elements, the specific chromatin sites of Wnt/β-catenin target genes, forming a part of the β-
catenin transcriptional complex, which was facilitated by interaction with BRG1. These data
endorsed the precipitous role for telomerase as a transcriptional modulator of Wnt/β-catenin
signaling pathway involved in progenitor cell regulation.
In addition, various groups have shown that TERT shuttles from the nucleus and translocates
to mitochondria upon exogenous stress [62–67]. Singhapol and his coworkers have demon-
strated that mitochondrial telomerase localization specifically decreases mitochondrial ROS
generation and cellular oxidative stress after induction of exogenous stress generated by
H2O2 or irradiation in cancer cells and might thereby prevent damage to nuclear DNA [68].
Thus the presence of telomerase not only maintains telomere length imparting immortality
but also play multifarious role in tumorigenesis via non-telomere-dependent mechanism
which demonstrated the imperative ubiquity of telomerase in cancer cells.
5. Skewed expression of telomerase
Telomerase, the RNA-dependent DNA polymerase by preventing the shortening of telomeric
DNA sequences, accouters unlimited proliferation. As per the telomere hypothesis of cancer
cell immortalization, telomere shortening limits the life span of telomerase-negative normal
cells, whereas telomerase activation in cancer cells extends their life span [4]. In normal human
cells, telomerase activity is quenched during embryonic differentiation [69]. On the contrary
in some tissues, like male germ cells, activated lymphocytes, and certain types of stem cell
populations, the telomerase activity is induced [15, 70]. Owing to its diverse activity, the
telomerase [71] which was established to be absent in most of the normal human somatic cells
is recorded to be expressed in more than 90% of cancerous cells and in vitro-immortalized cells
[15, 70]. A study showed that while most of the glioma tissues possess increased telomerase
activity, only few (10%) anaplastic astrocytomas are reported to be telomerase positive [72–
74]. In contrast to most cancerous cells, the telomerase expression is present in only 50% of
glioblastoma and retinoblastoma samples, and activity is even rarely found in meningiomas
and astrocytomas [75, 76].
Induction of telomerase activity in primary human keratinocytes and mammary epithelial cells
has been attributed to the effect of human papillomavirus 16 E6 protein [77]. Similarly, during
the menstrual cycle involving the proliferation of endometrial cells, telomerase activity is
detected in normal human endometrium [78, 79]. These reports emphasis that telomerase
might be the reason for tumorigenesis in hormone-dependent cancers.
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It has been suggested that up-regulated expression of telomerase is contributed by the
increased copy number of hTERT which was demonstrated by the report that while hTERT
protein expression was strongly positive in tumor cells, the expression of hTERT in non-
neoplastic mucosal cells as well as stromal elements (except lymphocytes) was weak or
negative [80]. In most cases, hTERT expression is closely correlated not only with telomerase
activity but also with cancer initiation and progression. In head and neck squamous cell
carcinoma and human glioma cell lines, there was decrease in telomerase activity which has
been correlated with overexpression of p53, E2F, p16, p21, and p15 individually [81, 82]. In
malignant and nonmalignant human hematopoietic cell lines, primary leukemic cells, and
normal T lymphocytes, IFN-α is reported to inhibit telomerase activity by suppressing hTERT
transcription [83]. In addition to growth and differentiation-related regulation, telomerase
activity is subject to regulation by other external and intracellular factors such as UV irradia-
tion [84]. The telomerase having influence over several signaling pathways that determine cell
proliferative or death responses when overexpressed might abrogate anti-proliferative or cell
death signals. Thus cancer cells with high levels of telomerase might gain a selective growth
advantage.
6. Telomerase as biomarker of cancer
Advent of latest cancer biomarkers has increased opportunities for improving cancer diag-
nostics by enhancing the quickness of detection and efficacy of treatment. In relation to the
practice of new therapeutic interventions, proficient biomarkers are helpful in detection and
prediction of remission or relapse of cancer at both gross and molecular levels. Telomerase
activity is a hallmark of most cancer biopsies, but not generally detected in premalignant
lesions and in normal tissue samples except germ cells and hematopoietic stem cells. Thus
telomerase activity can be a promising biomarker for diagnosis of malignancies and a target
for chemotherapy or gene therapy. Extent of telomerase activity in tumor tissues may be
prognostic indicators of patient outcome. Thus, at the present time telomerase is being studied
in anticipation of clinical usage. Many clinical trials for telomerase assay in cancer diagnosis
are under trial. Fresh or fresh-frozen biopsies, fluids, and secretions are subject for these trials.
Other components of telomerase enzyme complex have also been utilized as biomarkers for
telomerase activity. The expression of the RNA subunit of the telomerase complex (hTR) is also
regarded as a diagnostic marker [85]. But the expression of hTR does not always correlate with
telomerase protein expression in that particular cell type. hTR can be constitutively expressed
in certain cell types in which even telomerase activity is not present [86]. Apart from this,
mutation in genes of telomerase and associated proteins are considered as a diagnostic and
prognostic marker for many genetic abnormalities collectively termed as telomeropathies.
Early-onset melanoma tumor syndrome with multiple co-morbid cancers can be predicted
from telomerase gene promoter mutation analysis. In this disorder, the mutation in promoter
of telomerase gene introduces an erythroblast transformation-specific transcription factor-
binding site, resulting in approximately twofold up-regulation of telomerase [87].
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Introduction of telomeric repeat amplification protocol (TRAP) assay has facilitated the de-
tection of telomerase activity in tumor biopsy samples as well as cell lines [88]. Specificity of
telomerase activity in malignant phenotype further enforces the reliability of this assay. The
most important advantage of TRAP assay is its low detectable limit. TRAP assay has al-
lowed the analysis of minimal tissue samples, such as fine-needle aspirates of the breast and
thyroid, cervical smears, oral washings, and urine [89, 90]. Telomerase also has been used to
detect circulating tumor cells also [85]. Newly emerged technique, droplet digital TRAP as-
say can detect telomerase activity even in a single cell [91]. However, the positive ratios of
detection of telomerase vary in sedimented cells obtained from secretion, washing, brushing
samples, etc. Electrochemical telomerase assay (ECTA) is another newly emerged technique
to detect telomerase activity in biological samples [92]. It is comparatively simple and rapid
PCR-free method. ECTA consists of a TS primer-immobilized electrode and ferrocenyl
naphthalene diimide derivative as a tetraplex binder. This method has shown a high effi-
ciency of telomerase detection in oral cancer biopsies [93]. Taken in account of all these re-
ports, telomerase and its functionality can be utilized as a promising diagnostic and
prognostic method in cancer.
7. Telomeres in prognosis
Better understanding of telomere structure and its dynamics focused the research on telomeres
as biomarkers for several diseases especially in early detection and prognosis of cancers. A
reduced telomere length in human hematopoietic tumors predicts a reduced survival time in
patients suffering from myeloid leucaemia [94], chronic lymphocytic leucaemia [95], and
myelodysplastic syndromes [96]. Although telomere length in solid tumors is suggested as a
potential prognostic marker, patient survival rates vary with different cancer types. For
example, a short telomere length in prostate cancer correlates with short disease-free interval
and shorter overall survival time [97]. Analysis of telomere length of blood cells is also
considered as predictive markers for pulmonary and esophageal neoplasia as well as of
lymphoma in humans [98]. It has been suggested that the reduced TL in these patients reflects
the effects of increased oxidative stress which correlates with cancer risk. Advent of latest
technologies to measure relative and absolute telomere lengths has paved the way to use
telomere length as diagnostic and prognostic markers. Telomere restriction fragment assay,
qFISH, flow FISH, qPCR assay, single telomere length analysis (STELA), and dot-blot telomere
assay are the currently available assay methods for telomere length [99].
8. Telomerase as drug target
Telomerase enzyme has recently emerged as an attractive target for cancer as it is a crucial
factor required for the tumor immortalization of a subset of cells, including cancer stem cells.
Studies have shown that 80–85% of the tumor cells express telomerase, whereas somatic cells
lack the expression of telomerase [1]. In the present scenario, the major concern about the
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chemotherapeutic approaches is the specificity of action and side effects of drugs on normal
cells. Difference in telomere length and cell kinetics between normal and cancerous cells shows
that targeting telomerase is an effective system to target cancer cells specifically [100]. Although
telomerase is not considered as an oncogene, the expression of telomerase is the major reason
for the transformation of a normal cell to cancer cell [80]. Compared to most other cancer
targets, telomerase antagonists are advantageous due to the wide expression of this enzyme
in cancer types [1]. Telomerase also possesses extra telomeric functions which are very crucial
for tumor survival and homeostasis [101]. Studies have shown that telomerase-based cancer
therapies are less likely to develop resistance against the drugs compared to drugs which target
growth factor receptors or signal-transducing enzymes in cancer cells [2]. This ensures that
cancer drugs based on telomerase inhibition are non-cytotoxic anticancer approach and have
a broad therapeutic value.
9. Conclusion
Maintenance of telomere length in cancer cells is a critical factor in imparting the ability to
undergo uncontrolled multiplication and thus immortality to the cells. It is imperative to
discern the factors involved in telomere length preservation. Understanding the influence of
telomerase and other factors in sustaining telomere length in cancer cells paves way for
perceiving the theranostic role of telomere and telomerase in cancer treatment. Besides the
theranostic effect, the possible side effects could be determined leading to precautionary
methods to nullify the negative impact.
Author details
Angayarkanni Jayaraman1*, Kalarikkal Gopikrishnan Kiran1 and Palaniswamy Muthusamy2
*Address all correspondence to: angaibiotech@buc.edu.in
1 Department of Microbial Biotechnology, Bharathiar University, Coimbatore, India
2 Department of Microbiology, Karpagam University, Coimbatore, India
References
[1] Flores I, Benetti R, Blasco MA. Telomerase regulation and stem cell behaviour. Current
Opinion in Cell Biology. 2006;18:254–60. doi:10.1016/j.ceb.2006.03.003
[2] Harley CB. Telomerase and cancer therapeutics. Nature Reviews Cancer. 2008;8:167–
79. doi:10.1038/nrc2275
Telomere - A Complex End of a Chromosome26
[3] Longhese MP. DNA damage response at functional and dysfunctional telomeres. Genes
and Development. 2008;22:125–40. doi:10.1101/gad.1626908
[4] Mu  J,  Wei  LX.  Telomere  and  telomerase  in  oncology.  Cell  Research.  2002;12:1–
7.  doi:10.1038/sj.cr.7290104
[5] Griffith JD, Comeau L, Rosenfield S, et al. Mammalian telomeres end in a large duplex
loop. Cell. 1999;97:503–14.
[6] O’Sullivan  RJ,  Karlseder  J.  Telomeres:  protecting  chromosomes  against  genome
instability.  Nature  Reviews  Molecular  Cell  Biology.  2010;11:171–81.  doi:10.1038/
nrm2848
[7] Parkinson GN, Lee MP, Neidle S. Crystal structure of parallel quadruplexes from
human telomeric DNA. Nature. 2002;417:876–80. doi:10.1038/nature755
[8] Oganesian  L,  Bryan  TM.  Physiological  relevance  of  telomeric  G-quadruplex
formation:  a  potential  drug  target.  BioEssays:  News  and  Reviews  in
Molecular,  Cellular  and  Developmental  Biology.  2007;29:155–65.  doi:10.1002/
bies.20523
[9] Rhodes D, Giraldo R. Telomere structure and function. Current Opinion in Structural
Biology. 1995;5:311–22.
[10] Palm  W,  de  Lange  T.  How  shelterin  protects  mammalian  telomeres.  Annual
Review  of  Genetics.  2008;42:301–34.  doi:10.1146/annurev.genet.41.110306.130350
[11] Bilaud T, Brun C, Ancelin K, Koering CE, Laroche T, Gilson E. Telomeric localization
of TRF2, a novel human telobox protein. Nature Genetics. 1997;17:236–9. doi:10.1038/
ng1097-236
[12] Chong L, van Steensel B, Broccoli D, et al. A human telomeric protein. Science (New
York, NY). 1995;270:1663–7.
[13] Broccoli  D,  Smogorzewska  A,  Chong  L,  de  Lange  T.  Human  telomeres  contain
two distinct  Myb-related  proteins,  TRF1  and TRF2.  Nature  Genetics.  1997;17:231–
5.  doi:10.1038/ng1097-231
[14] Court  R,  Chapman  L,  Fairall  L,  Rhodes  D.  How  the  human  telomeric  proteins
TRF1  and  TRF2  recognize  telomeric  DNA:  a  view  from  high-resolution  crystal
structures.  EMBO  Reports.  2005;6:39–45.  doi:10.1038/sj.embor.7400314
[15] Kim  NW,  Piatyszek  MA,  Prowse  KR,  et  al.  Specific  association  of  human
telomerase  activity  with  immortal  cells  and  cancer.  Science  (New  York,  NY).
1994;266:2011–5.
[16] Baumann P,  Cech TR.  POT1,  the  putative  telomere  end-binding protein  in  fission
yeast  and  humans.  Science  (New  York,  NY).  2001;292:1171–5.  doi:10.1126/science.
1060036
Telomere and Telomerase in Cancer
http://dx.doi.org/10.5772/64721
27
[17] Houghtaling  BR,  Cuttonaro  L,  Chang  W,  Smith  S.  A  dynamic  molecular  link
between  the  telomere  length  regulator  TRF1  and  the  chromosome  end  protector
TRF2.  Current  Biology.  2004;14:1621–31.  doi:10.1016/j.cub.2004.08.052
[18] Liu D, O'Connor MS, Qin J, Songyang Z. Telosome, a mammalian telomere-associated
complex formed by multiple telomeric proteins. The Journal of Biological Chemistry.
2004;279:51338–42. doi:10.1074/jbc.M409293200
[19] Ye JZ, Hockemeyer D, Krutchinsky AN, et al. POT1-interacting protein PIP1: a telomere
length regulator that recruits POT1 to the TIN2/TRF1 complex. Genes and Develop-
ment. 2004;18:1649–54. doi:10.1101/gad.1215404
[20] Nandakumar J, Cech TR. Finding the end: recruitment of telomerase to telomeres.
Nature Reviews Molecular Cell Biology. 2013;14:69–82. doi:10.1038/nrm3505
[21] Verdun RE, Karlseder J. Replication and protection of telomeres. Nature. 2007;447:924–
31. doi:10.1038/nature05976
[22] Bianchi A, Smith S, Chong L, Elias P, de Lange T. TRF1 is a dimer and bends telomeric
DNA. EMBO Journal. 1997;16:1785–94. doi:10.1093/emboj/16.7.1785
[23] Martinez P, Thanasoula M, Munoz P, et al. Increased telomere fragility and fusions
resulting from TRF1 deficiency lead to degenerative pathologies and increased cancer
in mice. Genes and Development. 2009;23:2060–75. doi:10.1101/gad.543509
[24] Sfeir A, Kosiyatrakul ST, Hockemeyer D, et al. Mammalian telomeres resemble fragile
sites and require TRF1 for efficient replication. Cell. 2009;138:90–103. doi:10.1016/j.cell.
2009.06.021
[25] Amiard S, Doudeau M, Pinte S, et al. A topological mechanism for TRF2-enhanced
strand invasion. Nature Structural and Molecular Biology. 2007;14:147–54. doi:
10.1038/nsmb1192
[26] De Lange T. Protection of mammalian telomeres. Oncogene. 2002;21:532–40. doi:
10.1038/sj.onc.1205080
[27] Stansel RM, de Lange T, Griffith JD. T-loop assembly in vitro involves binding of TRF2
near the 3′ telomeric overhang. EMBO Journal. 2001;20:5532–40. doi:10.1093/emboj/
20.19.5532
[28] Denchi EL, de Lange T. Protection of telomeres through independent control of ATM
and ATR by TRF2 and POT1. Nature. 2007;448:1068–71. doi:10.1038/nature06065
[29] Smogorzewska A, Karlseder J, Holtgreve-Grez H, Jauch A, de Lange T. DNA ligase IV-
dependent NHEJ of deprotected mammalian telomeres in G1 and G2. Current Biology.
2002;12:1635–44.
[30] Benetti R, Schoeftner S, Munoz P, Blasco MA. Role of TRF2 in the assembly of telomeric
chromatin. Cell Cycle (Georgetown, TX). 2008;7:3461–8. doi:10.4161/cc.7.21.7013
Telomere - A Complex End of a Chromosome28
[31] Celli GB, de Lange T. DNA processing is not required for ATM-mediated telomere
damage response after TRF2 deletion. Nature Cell Biology. 2005;7:712–8. doi:10.1038/
ncb1275
[32] Karlseder J, Broccoli D, Dai Y, Hardy S, de Lange T. p53-and ATM-dependent apoptosis
induced by telomeres lacking TRF2. Science (New York, NY). 1999;283:1321–5.
[33] Loayza D, De Lange T. POT1 as a terminal transducer of TRF1 telomere length control.
Nature. 2003;423:1013–8. doi:10.1038/nature01688
[34] Wang F, Podell ER, Zaug AJ, et al. The POT1-TPP1 telomere complex is a telomerase
processivity factor. Nature. 2007;445:506–10. doi:10.1038/nature05454
[35] Xin H, Liu D, Wan M, et al. TPP1 is a homologue of ciliate TEBP-beta and interacts with
POT1 to recruit telomerase. Nature. 2007;445:559-62. doi:10.1038/nature05469
[36] Benarroch-Popivker D, Pisano S, Mendez-Bermudez A, et al. TRF2-mediated control
of telomere DNA topology as a mechanism for chromosome-end protection. Molecular
Cell. 2016;61:274–86. doi:10.1016/j.molcel.2015.12.009
[37] Bae NS, Baumann P. A RAP1/TRF2 complex inhibits nonhomologous end-joining at
human telomeric DNA ends. Molecular Cell. 2007;26:323–34. doi:10.1016/j.molcel.
2007.03.023
[38] Sarthy J, Bae NS, Scrafford J, Baumann P. Human RAP1 inhibits non-homologous end
joining at telomeres. EMBO Journal 2009;28:3390–9. doi:10.1038/emboj.2009.275
[39] Huffman KE, Levene SD, Tesmer VM, Shay JW, Wright WE. Telomere shortening is
proportional to the size of the G-rich telomeric 3′-overhang. The Journal of Biological
Chemistry. 2000;275:19719–22. doi:10.1074/jbc.M002843200
[40] Olovnikov AM. A theory of marginotomy: the incomplete copying of template margin
in enzymic synthesis of polynucleotides and biological significance of the phenomenon.
Journal of Theoretical Biology. 1973;41:181–90.
[41] Watson JD. Origin of concatemeric T7 DNA. Nature: New Biology. 1972;239:197–201.
[42] Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of human
fibroblasts. Nature. 1990;345:458–60. doi:10.1038/345458a0
[43] Vaziri H, Schachter F, Uchida I, et al. Loss of telomeric DNA during aging of normal
and trisomy 21 human lymphocytes. American Journal of Human Genetics.
1993;52:661–7.
[44] Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase
activity in Tetrahymena extracts. Cell. 1985;43:405–13.
[45] Liu T, Chung MJ, Ullenbruch M, et al. Telomerase activity is required for bleomycin-
induced pulmonary fibrosis in mice. Journal of Clinical Investigation. 2007;117:3800–9.
doi:10.1172/jci32369
Telomere and Telomerase in Cancer
http://dx.doi.org/10.5772/64721
29
[46] Hug N, Lingner J. Telomere length homeostasis. Chromosoma. 2006;115:413–25. doi:
10.1007/s00412-006-0067-3
[47] Bechter OE, Eisterer W, Dlaska M, Kuhr T, Thaler J. CpG island methylation of the
hTERT promoter is associated with lower telomerase activity in B-cell lymphocytic
leukemia. Experimental Hematology. 2002;30:26–33.
[48] Collins K. Ciliate telomerase biochemistry. Annual Review of Biochemistry.
1999;68:187–218. doi:10.1146/annurev.biochem.68.1.187
[49] Greider CW. Telomerase activity, cell proliferation, and cancer. Proceedings of the
National Academy of Sciences of the United States of America. 1998;95:90–2.
[50] Greider CW. Telomeres do D-loop-T-loop. Cell. 1999;97:419–22.
[51] Cong YS, Wen J, Bacchetti S. The human telomerase catalytic subunit hTERT: organi-
zation of the gene and characterization of the promoter. Human Molecular Genetics.
1999;8:137–42.
[52] Gu J, Andreeff M, Roth JA, Fang B. hTERT promoter induces tumor-specific Bax gene
expression and cell killing in syngenic mouse tumor model and prevents systemic
toxicity. Gene Therapy. 2002;9:30–7. doi:10.1038/sj.gt.3301619
[53] Avilion AA, Piatyszek MA, Gupta J, Shay JW, Bacchetti S, Greider CW. Human
telomerase RNA and telomerase activity in immortal cell lines and tumor tissues.
Cancer Research. 1996;56:645–50.
[54] Yi X, Tesmer VM, Savre-Train I, Shay JW, Wright WE. Both transcriptional and
posttranscriptional mechanisms regulate human telomerase template RNA levels.
Molecular and Cellular Biology. 1999;19:3989–97.
[55] Chan SW, Blackburn EH. New ways not to make ends meet: telomerase, DNA damage
proteins and heterochromatin. Oncogene. 2002;21:553–63. doi:10.1038/sj.onc.1205082
[56] Bagheri S, Nosrati M, Li S, et al. Genes and pathways downstream of telomerase in
melanoma metastasis. Proceedings of the National Academy of Sciences of the United
States of America. 2006;103:11306–11. doi:10.1073/pnas.0510085103
[57] Hoffmeyer K, Raggioli A, Rudloff S, et al. Wnt/beta-catenin signaling regulates
telomerase in stem cells and cancer cells. Science (New York, NY). 2012;336:1549–54.
doi:10.1126/science.1218370
[58] Li S, Crothers J, Haqq CM, Blackburn EH. Cellular and gene expression responses
involved in the rapid growth inhibition of human cancer cells by RNA interference-
mediated depletion of telomerase RNA. Journal of Biological Chemistry.
2005;280:23709–17. doi:10.1074/jbc.M502782200
[59] Maida Y, Yasukawa M, Furuuchi M, et al. An RNA-dependent RNA polymerase formed
by TERT and the RMRP RNA. Nature. 2009;461:230–5. doi:10.1038/nature08283
Telomere - A Complex End of a Chromosome30
[60] Park JI, Venteicher AS, Hong JY, et al. Telomerase modulates Wnt signalling by
association with target gene chromatin. Nature. 2009;460:66–72. doi:10.1038/
nature08137
[61] Smith LL, Coller HA, Roberts JM. Telomerase modulates expression of growth-
controlling genes and enhances cell proliferation. Nature Cell Biology. 2003;5:474–9.
doi:10.1038/ncb985
[62] Ahmed S, Passos JF, Birket MJ, et al. Telomerase does not counteract telomere short-
ening but protects mitochondrial function under oxidative stress. Journal of Cell
Science. 2008;121:1046–53. doi:10.1242/jcs.019372
[63] Haendeler J, Hoffmann J, Brandes RP, Zeiher AM, Dimmeler S. Hydrogen peroxide
triggers nuclear export of telomerase reverse transcriptase via Src kinase family-
dependent phosphorylation of tyrosine 707. Molecular and Cellular Biology.
2003;23:4598–610.
[64] Haendeler J, Drose S, Buchner N, et al. Mitochondrial telomerase reverse transcriptase
binds to and protects mitochondrial DNA and function from damage. Arteriosclerosis,
Thrombosis, and Vascular Biology. 2009;29:929–35. doi:10.1161/atvbaha.109.185546
[65] Indran IR, Hande MP, Pervaiz S. hTERT overexpression alleviates intracellular ROS
production, improves mitochondrial function, and inhibits ROS-mediated apoptosis in
cancer cells. Cancer Research. 2011;71:266–76. doi:10.1158/0008-5472.can-10-1588
[66] Santos JH, Meyer JN, Skorvaga M, Annab LA, Van Houten B. Mitochondrial hTERT
exacerbates free-radical-mediated mtDNA damage. Aging Cell. 2004;3:399–411. doi:
10.1111/j.1474-9728.2004.00124.x
[67] Santos JH, Meyer JN, Van Houten B. Mitochondrial localization of telomerase as a
determinant for hydrogen peroxide-induced mitochondrial DNA damage and apop-
tosis. Human Molecular Genetics. 2006;15:1757–68. doi:10.1093/hmg/ddl098
[68] Singhapol C, Pal D, Czapiewski R, Porika M, Nelson G, Saretzki GC. Mitochondrial
telomerase protects cancer cells from nuclear DNA damage and apoptosis. PloS one.
2013;8:e52989. 1-11 doi:10.1371/journal.pone.0052989
[69] Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW. Telomerase activity in human
germline and embryonic tissues and cells. Developmental Genetics. 1996;18:173–9. doi:
10.1002/(sici)1520-6408(1996)18:2<173::aid-dvg10>3.0.co;2–3
[70] Shay JW, Bacchetti S. A survey of telomerase activity in human cancer. European Journal
of Cancer (Oxford, England: 1990). 1997;33:787–91. doi:10.1016/s0959-8049(97)00062-2
[71] Stewart SA, Hahn WC, O'Connor BF, et al. Telomerase contributes to tumorigenesis
by  a  telomere  length-independent  mechanism.  Proceedings  of  the  National
Academy  of  Sciences  of  the  United  States  of  America.  2002;99:12606–11.  doi:
10.1073/pnas.182407599
Telomere and Telomerase in Cancer
http://dx.doi.org/10.5772/64721
31
[72] Hiyama E, Hiyama K, Yokoyama T, et al. Rapid detection of MYCN gene amplification
and telomerase expression in neuroblastoma. Clinical Cancer Research: An Official
Journal of the American Association for Cancer Research. 1999;5:601–9.
[73] Poremba C, Scheel C, Hero B, et al. Telomerase activity and telomerase subunits gene
expression patterns in neuroblastoma: a molecular and immunohistochemical study
establishing prognostic tools for fresh-frozen and paraffin-embedded tissues. Journal
of Clinical Oncology: Official Journal of the American Society of Clinical Oncology.
2000;18:2582–92.
[74] Yasui W, Tahara H, Tahara E, et al. Expression of telomerase catalytic component,
telomerase reverse transcriptase, in human gastric carcinomas. Japanese Journal of
Cancer Research: Gann. 1998;89:1099–103.
[75] Gupta J, Han LP, Wang P, Gallie BL, Bacchetti S. Development of retinoblastoma in the
absence of telomerase activity. Journal of the National Cancer Institute.1996;88:1152–7.
[76] Langford LA, Piatyszek MA, Xu R, Schold SC, Jr., Shay JW. Telomerase activity in
human brain tumours. Lancet (London, England). 1995;346:1267–8.
[77] Klingelhutz AJ, Foster SA, McDougall JK. Telomerase activation by the E6 gene product
of human papillomavirus type 16. Nature. 1996;380:79–82. doi:10.1038/380079a0
[78] Kyo S, Takakura M, Kohama T, Inoue M. Telomerase activity in human endometrium.
Cancer Research. 1997;57:610–4.
[79] Tanaka M, Kyo S, Takakura M, et al. Expression of telomerase activity in human
endometrium is localized to epithelial glandular cells and regulated in a menstrual
phase-dependent manner correlated with cell proliferation. The American Journal of
Pathology. 1998;153:1985–91. doi:10.1016/s0002-9440(10)65712-4
[80] Cong Y-S, Wright WE, Shay JW. Human telomerase and its regulation. Microbiology
and Molecular Biology Reviews. 2002;66:407–25. doi:10.1128/MMBR.66.3.407-425.2002
[81] Fuxe J, Akusjarvi G, Goike HM, Roos G, Collins VP, Pettersson RF. Adenovirus-
mediated overexpression of p15INK4B inhibits human glioma cell growth, induces
replicative senescence, and inhibits telomerase activity similarly to p16INK4A. Cell
Growth and Differentiation: The Molecular Biology Journal of the American Associa-
tion for Cancer Research. 2000;11:373–84.
[82] Henderson YC, Breau RL, Liu TJ, Clayman GL. Telomerase activity in head and neck
tumors after introduction of wild-type p53, p21, p16, and E2F-1 genes by means of
recombinant adenovirus. Head & Neck. 2000;22:347–54.
[83] Xu D, Erickson S, Szeps M, et al. Interferon alpha down-regulates telomerase reverse
transcriptase and telomerase activity in human malignant and nonmalignant hemato-
poietic cells. Blood. 2000;96:4313–8.
Telomere - A Complex End of a Chromosome32
[84] Hande MP, Balajee AS, Natarajan AT. Induction of telomerase activity by UV-irradiation
in Chinese hamster cells. Oncogene. 1997;15:1747–52. doi:10.1038/sj.onc.1201327
[85] Xu Y, He K, Goldkorn A. Telomerase targeted therapy in cancer and cancer stem cells.
Clinical Advances in Hematology and Oncology. 2011;9:442–55.
[86] Blasco MA, Rizen M, Greider CW, Hanahan D. Differential regulation of telomerase
activity and telomerase RNA during multi-stage tumorigenesis. Nature Genetics.
1996;12:200–4. doi:10.1038/ng0296-200
[87] Horn S, Figl A, Rachakonda PS, et al. TERT promoter mutations in familial and sporadic
melanoma. Science (New York, NY). 2013;339:959–61. doi:10.1126/science.1230062
[88] Fajkus J. Detection of telomerase activity by the TRAP assay and its variants and
alternatives. Clinica Chimica Acta; International Journal of Clinical Chemistry.
2006;371:25–31. doi:10.1016/j.cca.2006.02.039
[89] Hiyama  K,  Ishioka  S,  Shay  JW,  et  al.  Telomerase  activity  as  a  novel  marker
of  lung  cancer  and  immune-associated  lung  diseases.  International  Journal  of
Molecular  Medicine.  1998;1:545–9.
[90] Sugino  T,  Yoshida  K,  Bolodeoku  J,  et  al.  Telomerase  activity  in  human  breast
cancer  and  benign  breast  lesions:  diagnostic  applications  in  clinical  specimens,
including  fine  needle  aspirates.  International  Journal  of  Cancer.  1996;69:301–6.
doi:10.1002/(sici)1097-0215(19960822)69:4<301::aid-ijc11>3.0.co;2-8
[91] Ludlow  AT,  Robin  JD,  Sayed  M,  et  al.  Quantitative  telomerase  enzyme  activity
determination  using  droplet  digital  PCR  with  single  cell  resolution.  Nucleic
Acids  Research.  2014;42:e104-e.  1-12  doi:10.1093/nar/gku439
[92] Sato  S,  Kondo  H,  Nojima  T,  Takenaka  S.  Electrochemical  telomerase  assay  with
ferrocenylnaphthalene  diimide  as  a  tetraplex  DNA-specific  binder.  Analytical
Chemistry.  2005;77:7304–9.  doi:10.1021/ac0510235
[93] Hayakawa  M,  Kodama  M,  Sato  S,  et  al.  Electrochemical  telomerase  assay  for
screening  for  oral  cancer.  British  Journal  of  Oral  and  Maxillofacial  Surgery.
2016;54:301–5.  doi:10.1016/j.bjoms.2016.01.003
[94] Hartmann  U,  Brummendorf  TH,  Balabanov  S,  Thiede  C,  Illme  T,  Schaich
M.  Telomere  length  and  hTERT  expression  in  patients  with  acute  myeloid
leukemia  correlates  with  chromosomal  abnormalities.  Haematologica.  2005;90:307–
16.
[95] Boultwood  J,  Fidler  C,  Shepherd  P,  et  al.  Telomere  length  shortening  is
associated  with  disease  evolution  in  chronic  myelogenous  leukemia.  American
Journal  of  Hematology.  1999;61:5–9.
Telomere and Telomerase in Cancer
http://dx.doi.org/10.5772/64721
33
[96] Ohyashiki  JH,  Ohyashiki  K,  Fujimura  T,  et  al.  Telomere  shortening  associated
with  disease  evolution  patterns  in  myelodysplastic  syndromes.  Cancer
Research.  1994;54:3557–60.
[97] Donaldson  L,  Fordyce  C,  Gilliland  F,  et  al.  Association  between  outcome
and  telomere  DNA  content  in  prostate  cancer.  Journal  of  Urology.
1999;162:1788–92.
[98] Svenson  U,  Roos  G.  Telomere  length  as  a  biological  marker  in  malignancy.
Biochimica  et  Biophysica  Acta.  2009;1792:317–23.  doi:10.1016/j.bbadis.2009.01.017
[99] Nussey DH, Baird D, Barrett E, et al. Measuring telomere length and telomere dynamics
in evolutionary biology and ecology. Methods in Ecology and Evolution/British
Ecological Society. 2014;5:299–310. doi:10.1111/2041-210x.12161
[100] Zhang X, Mar V, Zhou W, Harrington L, Robinson MO. Telomere shortening and
apoptosis in telomerase-inhibited human tumor cells. Genes and Development.
1999;13:2388–99.
[101] Martinez P, Blasco MA. Telomeric and extra-telomeric roles for telomerase and the
telomere-binding proteins. Nature Reviews Cancer. 2011;11:161–76. doi:10.1038/
nrc3025
Telomere - A Complex End of a Chromosome34
